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Abstract
During serial passaging of rubella virus (RUB) in cell culture, the dominant species of defective-interfering RNA (DI) generated contains an in-
frame deletion between the capsid protein (C) gene and E1 glycoprotein gene resulting in production of a C-E1 fusion protein that is necessary for
the maintenance of the DI [Tzeng, W.P., Frey, T.K. (2006). C-E1 fusion protein synthesized by rubella virus DI RNAs maintained during serial
passage. Virology 356 198–207.]. A BHK cell line stably expressing the RUB structural proteins was established which was used to package DIs
into virus particles following transfection with in vitro transcripts from DI infectious cDNA constructs. Packaging of a DI encoding an in-frame C-
GFP-E1 reporter fusion protein corresponding to the C-E1 fusion protein expressed in a native DI was only marginally more efficient than
packaging of a DI encoding GFP, indicating that the C-E1 fusion protein did not function by enhancing packaging. However, infection with the DI
encoding the C-GFP-E1 fusion protein (in the absence of wt RUB helper virus) resulted in formation of clusters of GFP-positive cells and the
percentage of GFP-positive cells in the culture following infection remained relatively constant. In contrast, a DI encoding GFP did not form GFP-
positive clusters and the percentage of GFP-positive cells declined by roughly half from 2 to 4 days post-infection. Cluster formation and
sustaining the percentage of infected (GFP-positive) cells required the C part of the fusion protein, including the downstream but not the upstream
of two arginine clusters (both of which are associated with RNA binding and association with mitochondrial p32 protein) and the E1 part through
the transmembrane sequence, but not the C-terminal cytoplasmic tail. Among a collection of mutant DI constructs, cluster formation and
sustaining infected cell percentage correlated with maintenance during serial passage with wt RUB. We hypothesize that cluster formation and
sustaining infected cell percentage increase the likelihood of co-infection by a DI and wt RUB during serial passage thus enhancing maintenance
of the DI. Cluster formation and sustaining infected cell percentage were found to be due to a combination of attenuated cytopathogenicity of DIs
that express the C-E1 fusion protein and cell-to-cell movement of the DI. In infected cells, the C-GFP-E1 fusion protein was localized to
potentially novel vesicular structures that appear to originate from ER–Golgi transport vacuoles. This species of DI expressing a C-E1 fusion
protein that exhibits attenuated cytopathogenicity and the ability to increase the number of infected cells through cell-to-cell movement could be
the basis for development of an attractive vaccine vector.
© 2007 Elsevier Inc. All rights reserved.Keywords: Rubella virus; Defective_interfering particle; DI-RNA; DI; Fusion protein; Cytopathic effect; Cell-to-cell movementIntroduction
Rubella virus (RUB) is the sole member of the Rubivirus
genus of the family Togaviridae (reviewed in Frey, 1994).
Postnatally acquired RUB infections are often asymptomatic
and self-limiting, whereas first trimester fetal infection can⁎ Corresponding author. Fax: +1 404 413 5301.
E-mail address: tfrey@gsu.edu (T.K. Frey).
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doi:10.1016/j.virol.2007.06.047lead to severe malformations in the fetus known as
congenital rubella syndrome. The RUB virion consists of
the positive-sense, single-stranded genomic RNA enclosed in
a quasi-spherical capsid composed of the capsid protein (C)
which in turn is surrounded by a lipid-bilayer envelope
containing two glycoproteins, E2 and E1. The viral genome
contains two non-overlapping open reading frames (ORFs).
The 5′ proximal nonstructural protein ORF (NS-ORF) is
translated from the genomic RNA into a polyprotein that is
processed into a 150 kDa (P150) and a 90 kDa (P90)
20 C. Claus et al. / Virology 369 (2007) 19–34protein, both of which function in viral RNA replication. The
3′ proximal structural protein ORF (SP-ORF) is translated
from a subgenomic (SG) RNA in the order NH2-C-E2-E1-
COOH as a polyprotein which is translocated into the
endoplasmic reticulum (ER), where the C-E2 and E2-E1
cellular signal endopeptidase-mediated cleavages occur, leav-
ing the hydrophobic E2 (SPE2) and E1 (SPE1) signal peptides
attached to the C-termini of C and E2, respectively. E1
contains an ER retention signal that requires both its
transmembrane (TM) and cytoplasmic (CT) domains (Hobman
et al., 1997). E2 and E1 form a heterodimer, overriding the ER
retention signal and enabling transport to the Golgi apparatus
(Baron and Forsell, 1991; Hobman et al., 1995) where viral
particle maturation and budding occur (Risco et al., 2003). The
C protein is a multifunctional phosphoprotein (Law et al.,
2003; Marr et al., 1991). Besides its structural roles, C
enhances RNA replication and modulates the relative amounts
of genomic and SG RNAs produced (Tzeng and Frey, 2003,
2005). C also forms an interaction with the mitochondrial
matrix protein p32 that is important for viral replication
(Beatch et al., 2005; Beatch and Hobman, 2000). The p32-
binding region is near the N-terminus of C, overlapping with
the RNA-binding region (Liu et al., 1996) that includes two
arginine clusters.
During serial passage and persistent infection in cell culture
by virtually all viruses, defective-interfering RNAs (DIs)
containing partially deleted genomes are spontaneously gener-
ated. RUB DIs arising during serial passage maintain the NS-
ORF and contain deletions in the SP-ORF and therefore
resemble replicons developed from an infectious cDNA clone
by replacing the SP-ORF with a reporter gene (Derdeyn and
Frey, 1995; Frey and Hemphill, 1988; Tzeng et al., 2001). RUB
replicons conduct RNA replication but require a helper system
providing the SP-proteins in trans for packaging into virus
particles and cell-to-cell spread.
Recently, we found that the dominant DI species
appearing during serial passaging of RUB in cell culture
contained deletions creating in-frame fusions between the N-
terminal part of C and the C-terminal part of E1 resulting in
the expression of a C-E1 fusion protein, the first report of a
novel functional product arising from generation of DI-
RNAs (Tzeng and Frey, 2006). DIs expressing this C-E1
fusion were maintained during serial passaging in the
presence of wt RUB helper virus and the E1 part of the
fusion protein was necessary for maintenance. Despite
containing the region of C involved in enhancement and
modulation of RNA synthesis, the DI-RNA synthesized
significantly less RNA than replicons expressing the
corresponding region of the C gene. Although the C-E1
fusion protein contains the TM and CT regions of E1, the
fusion protein was not incorporated into virus particles. In
this communication, we continued our characterization of the
C-E1 fusion and its function in DI maintenance during serial
passaging. In the process, we developed a stable packaging
cell line for both replicons and DIs that was used to produce
single-cycle infectious rubella virus-like particles (RLPs)
containing replicon or DI RNAs.Results
Packaging of DI RNAs in cell lines expressing the SP-ORF and
formation of clusters of infected cells
To study DI infection and replication in the absence of wt
RUB, packaged DIs were produced by transfecting DI RNAs
into a BHK21 cell line that stably expressed the SP-ORF (BHK/
CE2E1). The production of extracellular “rubella virus-like
particles” or “RLPs” by the CHO24S stable cell line that
expressed the SP-ORF (in the absence of genome, replicon or
DI RNA) was previously described (Hobman et al., 1994),
however, we found that the titer of packaged DIs produced by
BHK/CE2E1 cells transfected with DI transcripts was higher
than that by CHO24S cells. With DI/C-GFP-E1, a construct
with a GFP reporter gene fused in-frame between the C and E1
parts of the fusion protein (Fig. 1A), a titer of (1.0±0.05)×105
infectious units (IU)/ml was produced in BHK/CE2E1 cells
compared to (1.2±0.2)×105 IU/ml for DI/GFP, a construct
expressing GFP [this construct is the same as the RUBrep/GFP
replicon constructs used in earlier studies (Tzeng et al., 2001)].
Thus there was no difference in packaging efficiency. Interest-
ingly, while titrating packaged DIs by counting GFP-positive
cells in Vero cell cultures infected with packaged DI stocks, we
noticed that scattered individual GFP-positive cells were
present on day 1–2 post-infection in DI/C-GFP-E1-infected
cultures, however clusters of positive cells developed by day 4
post-infection (Fig. 2A). Cluster formation was apparent
whether cells were observed live (Fig. 2A[b]) or after
paraformaldehyde fixation (Fig. 2A[d]). Vero cells infected
with DI/GFP lacked such formation of clusters of GFP-positive
cells (Fig. 2A[f and h]). The formation of GFP-positive clusters
was not expected since packaged DIs can only undergo a single
round of replication without spread in the absence of a source of
virion proteins, however cluster formation could be a possible
mechanism for maintenance of DIs expressing the C-E1 fusion
protein during serial passaging.
Flow cytometry was used to quantitate the GFP-positive
cells following infection with packaged DI constructs. The
percentage of GFP-positive cells on day 4 post-infection was
normalized to the percentage of GFP-positive cells on day 2
post-infection. As shown in Fig. 2B, the percentage of GFP-
positive cells in DI/C-GFP-E1-infected cultures remained
constant while the number of GFP-positive cells in DI/GFP-
infected cultures dropped by 40% from day 2 to day 4 post-
infection. In cells transfected with a plasmid expressing the C-
GFP-E1 fusion protein, the percentage of GFP-positive cells
also dropped by 50% from day 2 to day 4 post-transfection and
thus DI replication was required to maintain the number of
positive cells over this time period.
We also tested DIs expressing the E1 part of the fusion fused
in-frame downstream of GFP (DI/GFP-E1) or the C part of the
fusion protein fused with GFP (Fig. 1B). In this latter construct,
a termination codon was placed after GFP in the C-GFP-E1
fusion protein, creating DI/C-GFP(Z)-E1, since the sequences
encoding the E1 part of the fusion protein contain 3′ cis-acting
elements (Chen et al., 2004) and therefore cannot be deleted
Fig. 1. Topology of C-E1 fusion protein and DI constructs used in this study. (A) Topology of the RUB SP-ORF and a C-E1 fusion protein resulting from a deletion
within the SP-ORF in the majority DI species generated during serial passaging of wt RUBwith a replicon expressing the entire capsid protein fused in-frame with GFP
(Tzeng and Frey, 2006). The breakpoint coordinates are given as the nucleotide number within the RUB genome. The GFP gene was inserted into the breakpoint as
shown to generate the tagged C-GFP-E1 fusion protein. It is to be noted that the GFP gene insert was moved 1 nt upstream so that it would be translated in-frame.
Landmarks within the SP-ORF indicated include: the signal peptides for E2 and E1 (SPE2/E1), the transmembrane (TM) and cytoplasmic tail (CT) sequences of E2 and
E1, and the region of C that binds mitochondrial protein p32 and two arginine clusters within this region important in both p32-binding and genomic RNA binding
(Beatch et al., 2005, Liu et al., 1996). (B) Coding and untranslated regions of genomic andDI RNA constructs are indicated by boxes and lines, respectively. “Z”mutants
had a termination codon inserted at the indicated site andHA constructs contained an HA epitope inserted in-frame in the upstreamNotI site within the P150 gene (Tzeng
and Frey, 2005). Expanded sequences are shown for mutants in which the p32-binding sequence was deleted entirely or one or both arginine clusters were substituted in
batch with alanines (Beatch et al., 2005). The final construct, DI/RFP/C-GFP-E1, expressed RFP and the C-GFP-E1 fusion protein independently, the former under
control of the subgenomic promoter and the latter under control of an encephalomyocarditis virus internal ribosomal entry site (IRES) (Pugachev et al., 2000).
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these constructs from numerous replicon constructs expressing
C-GFP fusions used in our previous reports (e.g. Tzeng and
Frey, 2006)]. The percentage of GFP-positive cells in culturesFig. 2. DI maintenance following infection and serial passaging. (A) GFP-positive clu
infected with packaged DIs (without wt RUB) were counterstained with Hoechst 3325
live or after fixation with 2% paraformaldehyde. (B) Flow cytometric analysis of GF
GFP-tagged fusion proteins. Cells infected with the indicated packaged DIs (witho
cytometry for the percentage of GFP-positive cells on days 2 and 4 post-infection
percentage of positive cells on day 2. The results are the means of duplicate experi
maintenance during serial undiluted passage with wt RUB. (C) Cells transfected with t
passaging. The fluorescent micrographs shown were taken after four passages. (D)
fusion protein in which a FLAG epitope was inserted in place of GFP), co-infected w
and even numbered passages, cell lysates were made, resolved by SDS–PAGE and
(Tzeng and Frey, 2006). The molecular weight standards are in the lefthand lane (Mrs
E1 fusion protein ran as a dimer of approximately twice the expectedMr of 59 kDa (d
1995). The C-FLAG-E1 fusion protein yielded three bands with Mrs expected for m
C-E1 fusion protein has a propensity to multimerize independent of the GFP tag.infected with these DIs dropped by 40% (DI/GFP-E1) and 70%
(DI/C-GFP(Z)-E1) from day 2 to 4 post-infection (Fig. 2B) and
thus both the C and E1 parts of the fusion are necessary to
maintain the percentage of GFP-positive cells followingster formation following infection with DI/C-GFP-E1, but not DI/GFP. Vero cells
8 and visualized by fluorescence microscopy at 2 and 4 days post-infection, either
P-positive cell maintenance following infection with DIs or plasmids expressing
ut wt RUB) or transfected with the indicated plasmids were analyzed by flow
/transfection. The percentage of positive cells on day 4 was normalized to the
ments and the error bars indicate the standard error of the mean. (C and D) DI
he indicated DI RNA construct were co-infected with wt RUB followed by serial
Cells were transfected with DI/C-GFP-E1 or DI/C-FLAG-E1 (which express a
ith wt RUB, followed by ten serial passages. After P0 (transfection/co-infection)
Western blotted using anti-GFP (Clontech) or anti-FLAG (Sigma) antibodies
) indicated and next lane contains a lysate from mock-infected cells. The C-GFP-
enoted by arrow in right margin); GFP dimerizes at high concentrations (Chalfie,
onomers, dimers and tetramers (denoted by arrows in right margin) and thus the
Fig. 2 (continued).
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cultures infected with DI/C-GFP-E1 constructs with the p32-
binding region deleted or the 2nd arginine cluster (R2A) or both
arginine clusters (R1A/R2A) mutated to alanine (see Fig. 1B)
dropped by 40% from day 2 to 4 post-infection, but remained
constant in cells infected with a DI/C-GFP-E1 construct with
the 1st arginine cluster (R1A) mutated to alanine (Fig. 2B).
Within E1, the number of GFP-positive cells in cultures infected
with DI/C-GFP-E1 constructs with a termination codon before
the CT (DI/C-GFP-E1(Z)CT) (see Fig. 1B) remained constant
from day 2 to 4 post-infection, but not in cultures infected with a
construct with a termination codon placed before the TM (DI/C-
GFP-E1(Z)TM) (Fig. 2B). [Percentage of GFP expression in
cells infected with DI/C-GFP-E1 constructs with termination
codons anywhere in the E1 sequences upstream from the TM
likewise dropped from day 2 to 4 post-infection (data not
shown).] We confirmed microscopically that clusters of GFP-
positive cells were formed in cultures infected with DI/C-GFP-
E1/R1A and DI/C-GFP-E1(Z)CT, the two mutant constructs
that maintained the percentage of GFP-positive cells from day 2to 4 post-infection, but not in cultures infected with the other
mutant constructs (data not shown). Thus, the p32-binding
region of the capsid protein and the TM domain of E1 were
necessary for cluster formation.
To confirm that GFP-positive cluster formation correlated
with DI maintenance during serial passage in the presence of
helper wt RUB, mutant DI constructs were transfected into Vero
cells co-infected with wt RUB followed by four serial passages.
As shown in Fig. 2C, DI/C-GFP-E1/R1A was maintained
through four passages as detected by GFP expression while DI/
C-GFP-E1/R2A, DI/GFP-E1, DI/C-GFP-E1(Z)TM and DI/C-
GFP(Z)-E1 were not. Thus, cluster formation correlated with
maintenance during serial passage.
It was also of interest to determine the stability of the GFP-
tagged fusion protein during serial passage and to this end DI/C-
GFP-E1 was passaged ten times in the presence of wt RUB. As
shown in Fig. 2D, the GFP-tagged fusion protein was
maintained through eight passages before its synthesis declined.
This was likely due to deletions within the GFP tag, and
consistent with this hypothesis we found that when a DI
24 C. Claus et al. / Virology 369 (2007) 19–34expressing a fusion protein tagged with a shorter FLAG epitope
(DI/C-FLAG-E1) was passaged with wt RUB, synthesis of the
FLAG-tagged fusion protein was still robust after ten passages
(Fig. 2D).
Investigation of the basis of cluster formation
Our initial hypothesis was that cell division was the basis for
cluster formation. In this hypothesis, both infected and
uninfected cells in DI/C-GFP-E1-infected cultures divide and
thus the relative percentage of GFP-positive cells as detected by
flow cytometry would be maintained and clusters created by
newly divided cells would form. In contrast, in cultures infected
with DIs not expressing the C-GFP-E1 fusion protein, cell
division is inhibited [RUB has been shown to inhibit cell
division (Atreya et al., 2004; Plotkin and Vaheri, 1967; Yoneda
et al., 1986)] and thus the relative percentage of GFP-positive
cells would decrease and no clusters would form. To test this
hypothesis, cell division in cultures infected with DI/C-GFP-E1
or DI/C-GFP(Z)-E1 was inhibited either by treatment with the
drug cytosine-β-arabinofuranoside (AraC) or by subjection to
serum starvation (0.1% FBS). Two days post-infection, the
percentage of positive cells in cultures infected with either DI
was determined and parallel cultures were then drug treated or
serum starved and the relative percentage of GFP-positive cells
was determined. During this period, the total number of cells in
both treatment groups increased by at most 5% while the total
number of cells in the control group increased by 20–25%. As
shown in Fig. 3A, the relative percentage of GFP-positive cells
in DI/C-GFP-E1-infected cultures increased by about 20%
while in DI/C-GFP(Z)-E1-infected cultures, the relative per-
centage of GFP-positive cells dropped by ∼40% (vs 60% in
untreated cultures). Microscopic analysis revealed that GFP-
positive clusters were formed in DI/C-GFP-E1-infected cultures
under serum starvation, but not in DI/C-GFP(Z)-E1 or DI/GFP-
E1-infected cultures (Fig. 3B). Thus, inhibition of cell division
neither prevented cluster formation nor equalized the relative
percentage of GFP-positive cells between day 2 and 4 post-
infection between cultures infected with the different DI
constructs. However, rounded up cells with condensed nuclei
and a bright Hoechst fluorescence were seen in the serum
starved DI/C-GFP(Z)-E1- and DI/GFP-E1-infected cultures, but
not the DI/C-GFP-E1-infected culture (Fig. 3B), indicating a
possible differential effect of these DIs on cell survival. To
assess this possibility, supravital propidium iodide (PI) staining
was used to evaluate the presence of necrotic and late apoptotic
cells (PI positive) in DI/C-GFP-E1, DI/C-GFP(Z)-E1, and DI/
GFP-E1-infected cells (Fig. 4). Numerous PI positive cells were
present in cultures infected with the latter two DIs compared
with few positive cells in DI/C-GFP-E1-infected cultures and
no positive cells in mock-infected cultures. These PI-positive
cells correlated with rounded cells observed by bright field
microscopy and were typical of RUB-induced CPE. As shown
in Fig. 4e, h and k, when counterstained with Hoechst, the PI-
positive cells coincided with the cells with condensed nuclei
and bright Hoechst staining. Thus, differential cytopathogeni-
city of the DI constructs can explain, at least in part, the constantrelative percentage of GFP-positive cells from day 2 to 4 post-
infection in DI/C-GFP-E1-infected cultures versus the reduction
in relative percentage of GFP-positive cells in cultures infected
with DIs lacking the complete fusion protein.
Considering that clusters of GFP-positive cells developed in
DI/C-GFP-E1-infected cultures in the absence of cell division,
we entertained the possibility that clusters were formed because
the DI was spreading from cell to cell. Hence, cells were
transfected with a plasmid encoding RFP with a mitochondrial
targeting signal (VR/RFPmito) and overlaid with cells that were
infected with DI/C-GFP-E1. Because of induction of CPE, cells
infected with DI/C-GFP(Z)-E1 or DI/GFP-E1 did not efficiently
overlay the monolayer of RFPmito-transfected cells and
therefore cells transfected with a plasmid expressing GFP
were used as a negative control. As shown in Fig. 5A, in the DI/
C-GFP-E1:RFPmito overlaid culture, cells coexpressing RFP
and GFP were observed, indicating cell-to-cell movement of the
DI. It was possible that the DI-GFP-E1 protein itself was
spreading from cell to cell without the DI genome, however
when this protein was expressed from a plasmid, the relative
percentage of GFP-positive cells decreased from day 2 to day 4
post-transfection (Fig. 2B). Furthermore, when a double
expression DI construct was generated that expressed RFP
from the subgenomic promoter and C-GFP-E1 from an internal
ribosome entry site (Fig. 1B), expression of RFP and GFP was
concordant in clusters formed in infected cells (data not shown)
and thus there was not evidence that the fusion protein was
present without the DI genome.
Finally, we used live cell imaging with a Cellomics
Compartmental Analysis BioApplication system to resolve the
basis of cluster formation by DI/C-GFP-E1-infected cells. Fig.
5B shows a representative example of images of DI/C-GFP-E1-
infected cells in serum-free medium taken on 3 days post-
infection at 3 h intervals. Transfer of GFP from GFP-positive
cells to GFP-negative cells was observable as was occasional
cell division of both GFP-positive and GFP-negative cells,
despite the serum-free medium. Thus, both cell-to-cell move-
ment of the DI and cell division appeared to play a role in cluster
formation.
Intracellular localization of the C-GFP-E1 fusion protein
The fusion protein expressed in DI/C-GFP-E1-infected cells
localized to vacuolar-like elements as seen in Fig. 6A. Some
colocalization with the ER marker calnexin and the Golgi pre-
and intra-vesicular transport marker beta-COP was observed,
indicating that the origin of these vacuoles was from the ER–
Golgi transport system (Fig. 6A, b4–5 and c4–5). The vacuoles
were associated with the tubulin network (Fig. 6A, a4–5).
Interestingly, there was little evidence for colocalization of these
vacuoles with late endosomes and lysosomes (detected by
LAMP1 antibody), the sites of RUB RNA synthesis (Fig. 6A,
e4–5). Occasional overlap of the C-GFP-E1 vacuoles with
connexin 43 was detectable (Fig. 6A, d4–5). In contrast, the C-
GFP fusion protein expressed in DI/C-GFP(Z)-E1-infected cells
was generally spread around the cytoplasm, sometimes forming
fibrillar pattern (Fig. 6B, a2–e2).
Fig. 3. Effect of inhibition of cell division on DI maintenance and cluster formation. (A) Flow cytometric analysis. Two days post-infection, cells infected with DI/C-
GFP-E1 or DI/C-GFP(Z)-E1 were incubated in normal medium (containing 2% FBS), medium containing 50 μm AraC or medium containing 0.1% FBS (serum
starvation). The percentage of GFP-positive cells was determined on day 2 (before treatment) and day 4 (after treatment) post-infection and the day 4 percentage was
normalized to the day 2 percentage of GFP-positive cells. The results are the means of duplicate experiments and the error bars indicate the standard error of the mean.
(B) Vero cells infected with packaged DIs were incubated with medium containing 0.1% FBS from day 2 to 4 post-infection. On day 2 (before treatment) and day 4
(after treatment), cells were visualized by fluorescence microscopy following counterstaining with Hoechst 33258 and fixation with 2% paraformaldehyde. Enlarged
insets of the micrographs taken on day 4 post-infection are shown. In these insets, cells with condensed nuclei and bright staining, typical of apoptotic cells, are
indicated by arrows.
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protein with replicase protein P150 as association of C with
P150 was previously shown by immunofluorescence (Kujala
et al., 1999) and coimmunoprecipitation (Tzeng and Frey,2005) studies. As shown in Fig. 6C, in cells infected with DI-
FLAG/GFP, a construct expressing a FLAG epitope-tagged
P150, cytoplasmic P150 expression, some in a fibrillar pattern,
was detectable (panel a) and in cells infected with DI-FLAG/
Fig. 4. Cell death in DI-infected cultures. Supravital propidium iodide (PI) staining (red) of mock-infected or DI-infected Vero cells at 4 days post-infection was used to
discriminate live (PI negative) from necrotic or late apoptotic (PI-positive) cells. In the left (a, c, f and i) and middle (b, d, g and j), the same field of cells was imaged
under fluorescence and bright field microscopy, showing that PI-positive cells correspond to cells with a rounded, semi-detached morphology characteristic of RUB-
induced CPE. In panels e, h and k, cells fixed with 2% paraformaldehyde nuclei (blue) were counterstained with Hoechst 33258 to analyze nuclear morphology. PI-
positive cells with condensed nuclei typical of apoptotic cells are circled. It is to be noted that cells with condensed nuclei and bright staining, typical of apoptotic cells,
were GFP-positive (i.e. DI-infected) in the DI/C-GFP(Z)-E1 and DI/GFP-E1-infected cultures (therefore appearing pink in the overlapped images in these panels) but
not in the DI/C-GFP-E1-infected culture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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P150, particularly within the fibrils, was evident (panel d).
However, in DI/C-GFP-E1-infected cells (Fig. 6C, b–c), the
amount of P150 expression was reduced and little if any
colocalization with the fusion protein could be found.
Consistent with this finding, we found that the C-E1 fusion
protein did not co-immunoprecipitate with P150 (data not
shown).
Since mitochondria are redistributed during RUB infec-
tion and cluster around RUB replication complexes (Lee etal., 1996; Risco et al., 2003), we therefore tested for
alterations of mitochondrial distribution after infection of
Vero/RFPmito cells stably expressing the RFP protein with a
mitochondrial-targeting signal with DI/C-GFP-E1. As shown
in Fig. 6D, mitochondria were scattered in control cells
(panel a) or DI/C-GFP(Z)-E1-infected cells (panel d) but
redistributed to a perinuclear localization in DI/C-GFP-E1-
infected cells and clustered around the vacuoles in which the
C-GFP-E1 fusion protein concentrates (panel b). Also shown
in Fig. 6D (panel c) was that C-GFP-E1 expressed from a
Fig. 5. Analysis of DI/C-GFP-E1 cell-to-cell spreading. (A) Cells transfected with VR/RFPmito, a plasmid expressing RFP fused with a mitochondrial-targeting signal,
were overlaid with cells infected with DI/C-GFP-E1 (a and b) or transfected with VR/GFP, a plasmid expressing GFP (c). Three days after the overlay, cells were
counterstained with Hoechst 33258 and examined live. Cells in the fluorescence micrographs co-expressing the green and red reporter proteins are indicated by arrows.
(B) Live cell imaging of cells infected with DI/C-GFP-E1 was performed using a Cellomics Kinetic Scan HCS Reader using the Compartmental Analysis
BioApplication. Shown are two sets of images taken at 3 h intervals (a–c and d–f) on day 3 post-infection. Cells undergoing cell division are indicated by one solid
arrow before and two solid arrows after cell division (both GFP-positive and GFP-negative cells undergoing cell division are indicated). In panels d–f, the arrowhead
indicates a GFP-positive donor cell and the open arrow an initially GFP-negative recipient cell that becomes GFP-positive in panel e, putatively due to cell-to-cell
movement of the DI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
27C. Claus et al. / Virology 369 (2007) 19–34plasmid also concentrates in vacuole-like structures that
attract mitochondria.
Discussion
RNA recombination and rearrangements during replication
of most RNA viruses can lead to the generation of replicable
deleted forms of the viral genomic RNA termed DIs. RUB DIs
generated during serial passaging of wt RUB contain large
deletions within the SP-ORF that often connect the 5′ end of the
C gene with the 3′ end of the E1 gene (Derdeyn and Frey, 1995;
Frey and Hemphill, 1988). We recently showed that the
dominant DI species generated during serial passaging
synthesized a C-E1 fusion protein and that DIs expressing
such a fusion protein were maintained during serial passaging,
the first report of a novel functional product arising from
generation of DIs (Tzeng and Frey, 2006). Initial analysis of the
functionality of the C-E1 fusion protein showed that its
expression significantly repressed DI RNA replication andthat it was not incorporated into virus particles. In this report, we
further showed that expression of the C-E1 fusion did not
increase the efficiency of DI packaging into virus particles in a
cell line expressing the virion structural proteins.
During our analysis of packaging efficiency, we made the
observation that following infection with a packaged DI that
expressed a C-E1 fusion protein with an intermediate in-frame
GFP reporter, C-GFP-E1, clusters of GFP-positive cells
developed, but not following infection with DIs that expressed
the C-GFP part of the fusion protein, the GFP-E1 part of the
fusion protein, or GFP alone. Within the C-E1 fusion protein,
features necessary for cluster formation included the E1 part
through the TM sequence, but not the CT, and the second of two
arginine clusters in the C part, but not the first, that are
important in both RNA binding and association with mitochon-
drial protein p32 (Beatch et al., 2005; Beatch and Hobman,
2000; Liu et al., 1996). FACS analysis revealed that DI
constructs capable of cluster formation maintained the percen-
tage of GFP-positive cells in infected cultures while DI
Fig. 6. Intracellular localization of fusion proteins. Confocal projection images of z-stacks are shown, each consisting of three to five focal planes. Enlarged images
(insets) are shown for clarity. Areas of colocalization (yellow signals) and close association are indicated by circles. Nuclei (blue) were counterstained with Hoechst
33258. (A and B) Cultures infected with DI/C-GFP-E1 (A) or DI/C-GFP(Z)-E1 (B) (fusion protein tagged with GFP in both cases) were stained for the indicated
cellular maker proteins (red) at 3 days post-infection. Monoclonal anti-α-tubulin antibody was used to localize microtubules, monoclonal anti-calnexin to localize the
ER, monoclonal anti-β-COP to localize COPI-coated vesicles, polyclonal antibodies to LAMP1 to localize lysosomes and polyclonal anti-connexin 43 antibodies to
localize gap junctions. Prior to staining, cells were fixed and permeabilized with the exception of connexin staining, for which permeabilization was not performed. (C)
Cells were infected with DI-FLAG/GFP (a), DI-FLAG/C-GFP-E1 (b and c) or DI-FLAG/C-GFP(Z)-E1 (d) to detect colocalization of GFP or GFP-tagged fusion
proteins (green) with FLAG epitope-tagged P150 replicase protein expressed from these vectors. Cells were fixed and permeabilized on day 3 post-infection and
FLAG-tagged P150 was stained with monoclonal anti-FLAGM2 antibody (red). (D) To assess mitochondrial redistribution in DI-infected cells, cells were transfected
with VR/RFPmito, a plasmid expressing RFP fused to a mitochondrial-targeting signal (red), followed by mock infection (a), infection with DI/C-GFP-E1 (b),
transfection with a VR/C-GFP-E1, a plasmid expressing the C-GFP-E1 fusion protein (c), or infection with DI/C-GFP-E1 (d). Cells were fixed on day 3 post-infection.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6 (continued).
29C. Claus et al. / Virology 369 (2007) 19–34constructs incapable of cluster formation exhibited an ∼50%
drop in percentage of GFP-positive cells between 2 and 4 days
post-infection. Cluster formation correlated with DI mainte-
nance during serial passaging in the presence of wt RUB and
thus elucidation of the mechanism of cluster formation was
pursued to gain insight into the selective advantage of DIs
expressing a C-E1 fusion protein during serial passaging.
Our initial hypothesis was that GFP-positive cluster for-
mation was due to cell division. Several studies have reported
an inhibitory effect by RUB replication on cell division (Atreyaet al., 2004; Plotkin and Vaheri, 1967; Yoneda et al., 1986) and
we reasoned that this effect could potentially be ameliorated by
the synthesis of the C-E1 fusion protein. In the case of DIs that
did not express the C-E1 fusion protein, the decrease in relative
percentage of GFP-positive cells would then be due to selective
inhibition of division of infected cells in the culture. However,
treatment of infected cells with either an anti-proliferative drug
or serum starvation failed to inhibit either cluster formation in
DI/C-GFP-E1-infected cultures or the decrease in relative
percentage of GFP-positive cells in cultures infected with a DI
Fig. 6 (continued).
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that CPE detectable by the presence of rounded cells that
stained with propidium iodide was suppressed in DI/C-GFP-
E1-infected cultures in comparison with cultures infected with
DIs not expressing the fusion protein. This CPE is characteristic
of apoptosis and it has previously been shown that RUB-
induced CPE in Vero cells is due to induction of apoptosis
(Megyeri et al., 1999; Pugachev and Frey, 1998). Thus, the
reduction of GFP-positive cells in cultures infected with DIs
not expressing the fusion protein, either in the presence or
absence of anti-proliferative treatment, appeared to be due to
apoptosis induced by the DIs. Interestingly, time lapse
microscopic imaging revealed that occasional cell division in
DI/C-GFP-E1-infected cultures continued to occur in the
absence of serum. Division of both GFP-positive and negative
cells was observed and thus there was no evidence that DI/C-
GFP-E1 specifically stimulated cell division. Overall then, the
maintenance of the percentage of GFP-positive cells in DI/C-
GFP-E1-infected cultures can be explained by both division
and lack of cell killing of infected cells and cluster formation by
cell division.
However, following the initial results that cluster formation
in DI/C-GFP-E1-infected cultures continued despite treatment
to inhibit cell division, we entertained the hypothesis that
cluster formation was due to cell-to-cell spread of the DI and
we found that when cells infected with DI/C-GFP-E1 were
mixed with cells expressing a red marker, bi-color cells were
observed. Additionally, cell-to-cell GFP spread could be
observed by time lapse microscopy. Cell-to-cell spread by
DI/C-GFP-E1 appeared to include the genome and there was
no evidence for cell-to-cell spread by the C-GFP-E1 fusion
protein expressed from a plasmid. Thus, the fusion protein isnot a so-called “translocatory protein” (Leifert and Whitton,
2003; Ziegler et al., 2003). Cluster formation attributed to cell-
to-cell movement by a Sindbis virus replicon packaged in the
absence of the capsid protein has also been reported (Ketola
et al., 2005).
The most apparent means by which expression of a C-E1
fusion protein would facilitate DI maintenance during serial
passage in the presence of wt RUB would be by increasing the
number of cells harboring the DI through attenuation of cell
killing by the DI and/or cell-to-cell spread of the DI and thus
maximizing the potential for co-infection by wt RUB, enabling
packaging of the DI. Titers produced during RUB infection
rarely exceed 107 to 108 pfu/ml and infection is asynchronous
(reviewed in Frey, 1994) and thus in a stock containing both wt
RUB and DIs, simultaneous infection by both is not guaranteed.
Selection of DIs with a complete NS-ORF would allow for DI
RNA replication prior to co-infection with wt RUB and
selection of DIs expressing a C-E1 fusion protein would
increase the number of cells in which a co-infection could occur.
It is of interest that formation of clusters of infected cells is an
intrinsic property of wt RUB and development of foci of
infected cells is a characteristic of RUB-induced CPE (Sedwick
and Sokol, 1970). We have not investigated the effect of DIs
expressing a C-E1 fusion protein on replication of wt RUB, but
it is possible that CPE induced by wt RUB could be decreased
or eliminated.
The C-GFP-E1 fusion protein accumulated in discrete
vesicular structures that appeared to be associated with the
intracellular microtubule network. There was occasional, but
not uniform, overlap between these C-E1-containing vesicular
structures and calnexin-containing ER vesicles and β-COP-
containing transitional vesicles, suggesting that the origin of the
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indicating that they may be unique in nature. Hobman et al.
showed that, when expressed alone, E1 localized in a novel post
ER tubular compartment that was postulated to represent the
exit compartment from the ER (Hobman et al., 1992; Hobman
et al., 1998). From the data collected thus far, we cannot
determine whether the E1 vesicles and C-E1 fusion protein
vesicles are similar, however as visualized by IFA the E1
vesicles clumped in the perinuclear region of the cell,
colocalizing with neither calnexin nor β-COP, while the C-E1
vesicles were more widely scattered. The E1 TM domain, but
not the CT domain, within the C-E1 fusion protein was
necessary for cluster formation and DI maintenance during
serial passaging and it is presumably through this domain that
the C-E1 fusion protein is associated with membranous
vesicles. However, the orientation of the fusion protein vis-a-
vis the vesicle (i.e. is the C domain on the cytoplasmic or
luminal side?) remains to be determined and the E1 TM domain
within the C-E1 fusion protein would appear to function as both
a signal sequence and a TM domain.
RUB RNA replication takes place in cytopathic vacuoles
created by conversion of late endosomes and lysosomes
(Magliano et al., 1998) and there was no detectable overlap
between such organelles, marked by LAMP1, and the C-E1
fusion protein vesicles. Concomitantly, there was no coloca-
lization of C-E1 with the RUB P150 replicase protein and the
presence of P150 was difficult to detect. In contrast, the C
part of the C-E1 fusion protein expressed as a fusion with
GFP (from DI/C-GFP(Z)-E1) localized predominantly to the
nucleus [shown in a previous report to be due to a cryptic
nuclear localization signal (Pappas et al., 2006)] and to
cytoplasmic fibrillar structures on which colocalization with
P150 was pronounced. Kujala et al. reported colocalization of
C and P150 in fibrillar structures in RUB-infected cells
(Kujala et al., 1999). In our previous report, we found that
while DI RNA synthesis was somewhat enhanced in cells
infected with DI/C-GFP(Z)-E1 in comparison to DI/GFP (the
C protein modules RNA synthesis), it was significantly
reduced in DI/C-GFP-E1-infected cells (Tzeng and Frey,
2006). The paucity of P150 replicase in DI/C-GFP-E1-
infected cells in comparison to DI/C-GFP(Z)-E1-infected cells
as apparent by IFA was likely due to the relative reduction of
DI genomic RNA, the template for translation of the replicase
proteins, in the former cells. We hypothesize that the
reduction in DI RNA synthesis is because the C-E1 fusion
protein binds the DI genomic RNA and sequesters it in the C-
E1 vesicles away from the cytopathic vacuoles in which RNA
synthesis occurs, explaining why one of the two arginine
clusters (the 2nd cluster) within the RNA-binding domain was
necessary for cluster formation and DI maintenance during
serial passaging.
A reduction in the amount of replicase proteins produced
could also explain the relative lack of CPE induced by DI/C-
GFP-E1, particularly in comparison with DI/C-GFP(Z)-E1
which produces significantly more P150 as was apparent by
IFA, since determinants of cytopathogenicity in Vero cells have
been mapped to the P150 gene (Pugachev et al., 1997). We alsoobserved that in DI/C-GFP-E1-infected cells mitochondria were
clustered in apparent association with the C-E1 vesicles. This
was a property of the C-E1 fusion protein itself as similar
clustering was observed in cells in which the C-GFP-E1 fusion
protein was expressed from a plasmid. Mitochondria are locally
recruited to cytopathic vacuoles (Lee et al., 1996; Risco et al.,
2003) and effects on both mitochondrial architecture and
metabolism have been reported in RUB-infected cells (Barde-
letti, 1977; Lee et al., 1996). While the association of
mitochondria with C-E1 vesicles could interfere with RNA
replication, it is also possible that this association could inhibit
mitochondria-induced pro-apoptotic signaling (Boya et al.,
2003). In these regards, it would be of interest to determine the
effect of a plasmid-expressed C-E1 fusion protein on wt RUB
replication and induction of CPE.
Finally, concerning the mechanism of cell-to-cell spread by
RUB DIs expressing a C-E1 fusion protein, occasional side-by-
side associations of C-E1 vesicles with connexin 43 patches
were observed in DI/C-GFP-E1-infected cells (Fig. 6A). It
seems unlikely that the fusion protein accompanied by the DI
genome would be able to migrate through gap junctions since
inter-cellular transport of siRNAs through gap junctions was
only accomplished with molecules of up to 24 nts, much smaller
than a DI genome (Valiunas et al., 2005). However, inter-
cellular vesicle transfer through gap junctions was reported
(Gruijters, 2003). To study the mechanism of cell-to-cell DI
spread, we plan to establish Vero cell lines uniformly harboring
DIs expressing both the C-GFP-E1 fusion and an antibiotic
resistance gene (Fontana et al., 2007) which can be mixed with a
line of RFP-tagged Vero cells such that spread by the DI can be
followed on a population basis rather than in isolated clusters of
infected cells.
Live attenuated rubella vaccines have been effective in
reducing the incidence of rubella in developed countries and we
have designed prototype rubella virus-based expression and
vaccine vectors (Pugachev et al., 2000). The availability of
packageable DI constructs that express a heterologous epitope
or antigen, potentially as part of the C-E1 fusion protein, which
exhibit attenuated cytopathogenicity and the ability to move
from cell to cell could expand the utility of rubella virus-based
vaccine vectors. In this regard, we showed that GFP (∼30 kDa)
expressed within the C-E1 fusion protein was maintained for
eight serial passages in cell culture, while an immunogenic
epitope (FLAG) was maintained through at least ten passages,
and thus is stably maintained.
Materials and methods
Cell lines
Vero (ATCC CCL-81) and BHK21 (baby hamster kidney,
ATCC CCC-10) cells were propagated in Dulbecco's modified
Eagles' medium (DMEM, GIBCO) with 5% FBS (fetal bovine
serum) and 10 μg/ml gentamicin at 35 °C in a 5% CO2/95% air
atmosphere. CHO24S cells, a cell line stably expressing the
RUB SP-ORF (Hobman et al., 1994), were generously provided
by Tom Hobman.
32 C. Claus et al. / Virology 369 (2007) 19–34Plasmids and RUB replicon constructs
RUBrep/GFP was described previously (Tzeng et al., 2001).
The DI-1.1G and DI-1.2G constructs (Tzeng and Frey, 2006)
were modified to generate DI/C-GFP-E1. Strategies for genera-
tion of the following DI constructs used in this study can be
obtained by contacting the Corresponding Author at tfrey@gsu.
edu: DI/C-GFP(Z)-E1, DI/GFP-E1, DI/C-GFP-E1(Z)TM, DI/C-
GFP-E1(Z)CT, DI/C-GFP-E1-R1A, -R2A, -R1A/R2A, and
-Δp32, and DI-FLAG/C-GFP(Z)-E1. The HA epitope of
RUBrep-HA/GFP (Tzeng and Frey, 2005) was replaced by a
FLAG epitope sequence to generate DI-FLAG constructs used
in this study. VR1012 (Vical) was the parent vector used for
plasmid expression constructs. GFP was introduced into
VR1012 following amplification with oligonucleotide primers
(5′-GCATATGCATCCTGTACGTGGGGCC-3′ and 5′-
CTGAAGATCTTCATTACTTGTAC AGCTCGTCCATG-3′)
from RUBrep/GFP template and restriction with NdeI and
BglII (sites underlined in primer sequence). RFPmito, an RFP
derivative fused with a mitochondrial-targeting sequence, was
introduced into VR1012 following amplification with oligonu-
cleotide primers 5′ TAAGATATC(EcoRV)CATGTCCGTCCT-
GACGCCGCTG 3 ′ and 5 ′ CTGAAGATCT( BglII)
CAGTTGGCCTTCTCGGGCAG 3′ from pHcRed1-Mito tem-
plate (BD Biosciences) and restriction with EcoRV and BglII
(sites underlined in primer sequence). The C-GFP-E1 cassette
was transferred from DI/C-GFP-E1 to VR1012 using suitable
restriction enzyme sites.
Generation of stably transfected cell lines
Transfections with plasmids for generation of cell lines
stably expressing protein/s of interest were carried out using
Lipofectamine2000 (Invitrogen) according to manufacturer's
instructions. A BHK cell line exhibiting robust, stable
expression of the RUB SP-ORF (BHK/CE2E1) was generated
following cotransfection with pTK-Hygro (Clontech), which
expressed the hygromycin resistance gene, and a pcDNA3.1
(Invitrogen) derivative constructed to express the RUB SP-ORF
under control of the CMV immediate early promoter, by
hygromycin treatment, selection and expansion of colonies, and
characterization of expression of the SG-ORF by Western blot.
A population of Vero cells stably expressing RFPmito (Vero/
RFPmito) was generated by cotransfection with pTk-Hygro and
VR/RFPmito followed by hygromycin selection.
Passaging, packaging and titration of DIs
To initiate serial passaging of DI constructs in the presence
of wt RUB, Vero cells in 35 mm culture dishes were infected
with wt RUB (F-Therien strain, multiplicity of infection
[MOI]=0.5 pfu/cell) and 24 h later transfected with the
appropriate in vitro DI RNA transcript (initial infection was
considered passage 0 or P0) (Tzeng and Frey, 2006). The
culture fluid was harvested 2 days later and 1 ml was used to
infect to fresh Vero cells. Culture fluid was harvested 2 days
post passage and the process was repeated for up to fourpassages. To produce packaged DIs, 3×105 BHK/CE2E1 cells
plated in 35 mm dishes were transfected 48 h after seeding
with the appropriate in vitro DI RNA transcript. Supernatants
were collected 48 h post-transfection and clarified by
centrifugation for 10 min at 1500×g and filtration through
0.45-μm-pore-size membranes (Nalgene). Titers of packaged
DI RNAs were determined by infecting Vero cells with 10-fold
serial dilutions of packaged DI stocks. Forty eight hours post-
infection, the titer was determined by microscopically counting
the number of GFP-expressing cells in the plate infected with
the endpoint dilution. Titers were expressed as infectious units
(IU) per ml.
Characterization of cells infected with packaged DIs
Infected cultures grown on cover slips were examined
directly at low power magnification (10 or 20× objective)
without fixation or fixed with 2% (w/v) paraformaldehyde in
PBS (10 min at room temperature) prior to high power
magnification (40 or 100×). The nuclei of both live and fixed
cells were counterstained with Hoechst bisbenzamide 33258
fluorochrome stain (Sigma) at a concentration of 2.5 μg/ml.
Microscopy was done using an Axioplan 2 microscope (Zeiss)
with epifluorescence capacity. Post-acquisition processing of
digital images was performed with Adobe Photoshop 6.0
software with minimal alterations to contrast and background.
The scale bar in figures in the paper is 10 μm.
The percentage of GFP-positive cells in Vero cell cultures
infected with packaged DIs (MOI=0.05 IU/cell) was quantified
by flow cytometry. At 2 and 4 days post-infection, cells were
trypsinized, washed with PBS and analyzed using a FACSca-
libur Flow Cytometer (Becton Dickinson) counting 10,000 cells
per sample. To determine the percentage of GFP-positive cells
in plasmid-transfected cultures, transfected cells were trypsi-
nized and mixed with naive nontransfected Vero cells and an
aliquot was analyzed by flow cytometry. The remaining cells
were plated and subjected to flow cytometry 2 days later
(Hakkarainen et al., 2005). For presentation, the percentage of
GFP-positive cells at 4 days post-infection/transfection was
normalized to the percentage of GFP-positive cells at 2 days
post-infection.
To characterize DI infection in cells treated to inhibit cell
division, Vero cells infected with packaged DIs were washed
extensively with PBS at 48 h post-infection and the medium
was replaced with medium containing 2% FBS (control),
medium containing 2% PBS and 50 μM cytosine β-D-
arabinofuranoside free base (AraC, Sigma) or medium contain-
ing 0.1% FBS (serum starvation). Cell counting (using a
hemocytometer following trypan blue staining), microscopy
and flow cytometry were done at 2 days (before treatment) and
4 days (after treatment) post-infection. To characterize cell
killing by packaged DIs by supravital propidium iodide
staining, Vero cells were mock-infected or infected with
packaged DIs (MOI=0.05) and at 4 days post-infection were
incubated with 40 μg/ml propidium iodide (PI) in PBS for
60 min at 35 °C (Zamai et al., 2001) followed by fluorescence
microscopy without fixation.
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Vero cells (3×105 cells/dish) were plated in 35 mm culture
dishes and 24 h later transfected with VR/RFPmito as
described above. Following 6 h of incubation with the DNA–
lipofectamine transfection mixture, the cells were washed
three times with PBS and overlaid with 3×105 trypsinized
Vero cells that had been infected with packaged DIs
(moi=0.05 IU/cell) or transfected with VR/GFP 24 h
previously. Three days after overlay, cells were counterstained
with Hoechst 33258 and examined microscopically without
fixation.
Time lapse imaging
Vero cells (1.2×106 total) were seeded into 96-well clear-
bottom black plates (Costar 3603, Corning Incorporated) in
serum-free medium and infected with DI/C-GFP-E1
(MOI=0.2) 24 h after plating. At 48 h post-infection, nuclei
were counterstained with Hoechst 33258 and serum-free CO2-
independent medium (Gibco) was added. Imaging was then
performed with Cellomics Kinetic Scan HCS Reader using
Compartmental Analysis BioApplication; images were taken
every 3 h.
Confocal analysis
Vero cells grown on glass cover slips were infected with
appropriate packaged DIs (MOI=0.2) or transfected with the
appropriate plasmid and fixed with 2% (w/v) paraformalde-
hyde/PBS at 3 days post-infection and stained by indirect
immunofluorescence with markers for various cell organelles.
For intracellular staining, cells were permeabilized with
methanol at −20 °C prior to staining. Microtubules were
stained with monoclonal anti-α-tubulin antibody (Sigma), the
ER integral membrane protein calnexin with rabbit anti-
calnexin IgG fraction (Sigma), the COPI coatomer protein
beta-COP with mouse monoclonal anti-β-COP (Sigma), the
lysosome associated protein LAMP1 with rabbit polyclonal
antibodies to LAMP1 (Abcam) and the 43 kDa connexin
protein as gap junction component with polyclonal anti-
connexin 43 antibodies (Zymed Laboratories). FLAG epitope-
tagged P150 was labeled with monoclonal ANTI-FLAG® M2
antibody produced in mouse (Sigma). Primary antibodies were
applied for 1 h at 37 °C. After three washes with PBS, sheep
anti-mouse IgG (whole molecule) Cy3 conjugate (Sigma), Cy3-
conjugated donkey anti-rabbit IgG (H+L) (Jackson ImmunoR-
esearch) or Alexa Fluor® 488 labeled goat anti-mouse IgG (H+
L) conjugate (Molecular Probes) was applied as the secondary
antibody for 45 min at 37 °C. Nuclei were counterstained with
Hoechst 33258. Samples were mounted with entellan and
examined using a confocal microscope (Zeiss Laser scanning
Microscope LSM510) with a 100× objective and oil immersion.
Post-acquisition analysis of images was performed with Zeiss
and Adobe Photoshop 6.0 software with minimal alterations to
contrast and background. The scale bar presented in figures in
the paper is 10 μm.Co-immunoprecipitation
Vero cells cotransfected with DI/C-FLAG-E1 and RUBrep-
HA/GFP transcripts were lysed at 3 days post-transfection and
immunoprecipitation and Western blotting with anti-FLAG and
anti-HA antibody to detect co-immunoprecipitation of P150 and
the C-E1 fusion was done as previously described (Tzeng and
Frey, 2006).
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